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INTRODUCTION 


Interest  in  the  high  resolution  spectroscopy  of  molecules  appearing  in 
the  atmosphere  has  recently  been  spurred  by  proposed  long  path  trans- 
mission applications  of  IR  lasers.  The  development  of  a veritable 
catalogue  of  IR  lasers  allows  selection  within  transmission  "windows," 
but  because  of  the  anticipated  long  paths,  predictions  require  high 
accuracy  for  relatively  small  absorption  coefficients. 

Due  to  complex  dependence  of  the  spectra  on  thermodynamic  variables, 
the  variability  of  the  constituent  proportions,  and  unidentified  losses 
due  to  particulates,  measurements  must  be  performed  in  a controlled 
environment.  In  other  words,  laboratory  systems  of  high  purity  must 
be  used  to  identify  the  absorption  coefficients  individually  as  broadened 
by  the  major  atmospheric  constituents.  This  method  provides  information 
for  molecular  models  as  well  as  transmission  predictions. 

High  resolution  systems  capable  of  measuring  absorption  coefficients  as 
low  as  0.1  km-1  with  sufficient  accuracy  have,  until  this  decade,  been 
limited  primarily  to  long  path  transmission  cells.  Generally,  these  use 
beam  folding  optics  to  multiply  optical  path  length  by  as  much  as  two 
orders  of  magnitude.  Such  "White"  cell  systems  must  have  high  vacuum 
integrity,  be  bakeable,  temperature  controlled,  and  have  high  quality 
(and  large)  optics.  Inevitably,  long  path  transmission  cells  are 
ponderous,  complex,  and  expensive.  Furthermore,  absorption  coefficients 
for  transmission  favored  "windows"  are  frequently  considerably  less 
than  0.1  km-1,  stressing  White  cell  accuracy  beyond  acceptable  limits. 

Here  the  subtraction  (of  transmittance)  from  unity  required  to  obtain 
the  absorbance  results  in  a much  higher  percentage  error  for  the  latter 
quantity  than  for  the  measured  transmittance.  Some  simpler  measurement 
of  a quantity  directly  proportional  to  the  absorbance  or  absorption 
coefficient  itself  would  be  desirable. 

A direct  and  convenient  mechanism  resulting  from  IR  photon  absorption  is 
that  increased  energy  in  the  molecular  rotation/vibration  structure 
generally  appears  in  translational  (kinetic)  form  in  the  equilibration 
process.  Thus  measurement  of  thermodynamic  properties  of  the  gas  might 
be  expected  to  provide  a proportional  measure  of  the  absorbed  energy. 
Although  there  are  exceptions  (involving,  e.g.,  energy  trapped  in  meta- 
stable states  or  reradiation),  they  are  expected  to  be  infrequent  in 
these  applications.  Actually  this  measurement  concept  was  stated  nearly 
a century  ago  [1,2]  and  the  measurement  device  appropriately  named  "spectro- 
phone"  as  suggested  by  Alexander  Graham  Bell  [1]. 

Applications  using  laser  sources  first  appeared  in  1968  [3],  but  these 
were  clearly  exploratory  and  did  not  represent  measurements  of  precision. 
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Two  major  categories  of  such  devices  appeared  in  the  literature  in  the 
early  1970's,  both  using  CW  lasers  and  beam  "chopping"  devices  (time 
gating).  One  category  involves  the  use  of  pressure  sensors,  such  as 
capacitance  manometers  and  very  slow  chopping  rates  (usually  less  than 
1 Hz)  to  obtain  an  equilibrium  [4].  A second  category  involves  use  of 
microphone  sensors  and  considerably  higher  chopping  rates  which  excite 
acoustic  waves  emanating  from  the  absorbing  region  [5],  In  the  second 
category,  a resonant  cavity  may  or  may  not  be  employed  [6]. 

Though  a number  of  publications  have  appeared  regarding  spectrophone 
use  [7-9],  development  of  these  devices  is  still  at  an  early  stage. 

For  example,  the  particular  spectrophone  design  and  technique  does  not 
always  appear  to  suit  the  application.  In  other  instances  a limitation 
of  the  measurement  will  have  been  incorrectly  considered  inherent  to 
the  technique.  These  points  will  be  discussed  in  this  report. 

The  spectrophone  developments  reported  here  represent  applications  of 
spectrophones  in  several  areas  and  incorporation  of  new  ideas  in  some 
cases  and  new  applications  for  measurement  quality  devices  in  others. 


CW  SOURCE  SPECTROPHONE  DESIGN  CONSIDERATIONS 
Required  Qualities 

At  the  start  of  this  work  in  mid-1974,  it  was  clear  that  the  ideal  system 
would  be  required  to  have  the  following  properties: 

1.  Sensitivity:  absorption  coefficients  smaller  than  10”  3 km-1 

measurable 

2.  Power  linearity  of  absorption  signal 

3.  Single  measurement  precision:  within  10%  of  mean  at  10-3  km-1 

4.  Stability:  negligible  drift  or  jitter  for  duration  of  complete 

series  of  measurements  (determined  from  multimeasurement  average) 

Sensitivity  for  spectrophones  is  limited  by  noise  and  signal  components 
not  directly  associated  with  the  gaseous  absorption.  This  sensitivity 
is  very  much  dependent  on  physical  design,  sensor  type  and,  most  impor- 
tant, signal  processing.  Since  the  directness  of  the  approach  and 
earlier  work  have  made  clear  the  generally  high  level  of  sensitivity 
[5,6,10,11],  this  issue  will  not  be  discussed  extensively  here. 

The  question  of  signal  linearity  with  power  is  important  and  somewhat 
involved.  For  the  IR  absorption  processes  of  interest,  transitions  occur 
between  particular  rotational  levels  of  two  vibrational  levels.  The 
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lower  vibrational  level  is  generally,  but  not  necessarily,  the  ground 
state.  It  should  also  be  noted  that  for  molecular  absorbers  whose 
energy  levels  are  broadened  as  in  the  lower  atmosphere,  a great  deal 
of  "overlap"  between  lines  occurs.  For  a single  absorber,  line  separa- 
tion varies  from  less  than  1 cm-1  to  just  over  10  cm-1  with  most  atmo- 
spheric absorbers  tending  to  the  small  values.  Atmospheric  line  widths 
(STP,  FWHM)  are  of  the  order  of  10-1  cm-1.  Still,  even  for  a single 
absorber,  total  overlap  or  probabilistic  coincidence  can  be  significant, 
particularly  when  adjacent  line  strengths  are  relatively  high. 

Although  exceptions  have  been  reported  [12,13],  for  the  following  dis- 
cussion it  will  be  assumed  that  the  individual  lines  contribute  to  the 
absorption  coefficient  additively. 

The  chanqe  in  thermodynamic  parameters  due  to  molecular  absorption  of  a 
continued  photon  flux  can  be  approached  through  the  application  of  the 
rate  equation  for  the  change  in  the  upper  state  density  with  time.  This 
equation  is  composed  of  excitation  terms  for  transition  rates  to  the 
upper  state  as  induced  by  collisions  in  the  gas  and  photon  flux  and  de- 
excitation terms  for  both  of  these  and  another  for  spontaneous  decay. 

With  terms  in  the  same  order  and  with  the  appropriate  coefficients  or 
induced  and  spontaneous  transitions  included,  the  equation  reads 


®2  t p ^ k + f 1 2Pq  - ( I P 2^  ^21  p2  ^2p2^ ' 0) 


Here  I represents  the  photon  flux  density  and  the  subscripts  2 and  1 
refer  to  the  upper  and  lower  states,  respectively.  Since  the  collisional 
energy  for  the  conditions  of  interest  is  much  less  in  the  mean  than  that 
of  the  separation  of  vibrational  states,  photon  excitation  predominates. 

Using  the  total  density,  p = p-j  + p^,  Eq.  (1)  becomes 

P2  5 Ipk  - P2 ( f 21  + f2  + 2Ik^ 


= Ipk  - p2(f).  (2) 


The  spontaneous  relaxation  rate  is  several  orders  of  magnitude  smaller 
than  the  collision  de-excitation  rate  for  all  known  cases  of  interest. 
The  solution  (particular  plus  general)  is 

-P2f 

p2  = Ipkf  + ce  (3) 
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and  the  long-term  solution  is  then 


p2  5 ipk/f 


Ipk 


'21 


+ 21  k 


(4) 


The  equation  shows  that  the  upper  state  population  will  be  directly 
related  to  the  intensity  of  the  illuminating  beam  if  f^  >>  21k.  In 

practice,  the  collision  frequency  is  sufficiently  high  and  the  induced 
de-excitation  rates  small  enough  that  this  linearity  may  easily  be 
maintained.  If  the  molecular  system  is  saturated  however,  i.e.,  if  the 
frequency  of  induced  transitions  is  much  larger  than  the  collision 
frequency,  the  upper  state  population  becomes  independent  of  the  inten- 
sity (at  the  level  p/2). 

If  the  intensity  is  modulated,  linearity  of  the  upper  state  population 
with  respect  to  intensity  may  still  be  maintained.  The  conditions  are: 
(a)  the  previously  mentioned  dc  condition  and  (b)  the  system  response 
requirement  that  the  frequency  represented  by  the  quantity  f is  much 
greater  than  the  driving  frequency. 

The  increase  in  translational  energy  and  thus  the  pressure  is  then 
proportional  to  the  increased  population  density  of  the  upper  state. 
Thermodynamic  equilibrium  is  established  through  the  loss  to  the  con- 
tainer walls.  Since  the  effective  relaxation  time  constant  for  the 
latter  process  is  relatively  long,  the  loss  rate  is  relatively  low. 

The  properties  of  precision  and  stability  are  included  for  completeness 
but  do  not  require  further  explanation  here.  These  concerns  are  implicit 
in  the  discussions  to  follow  on  specific  designs. 

Whatever  design  prospects  were  indicated  by  the  requirements,  the  most 
decisive  factors  lay  in  the  desirable  facets  for  high  sensitivity  mea- 
surement systems. 


Desired  Qualities 

1.  Signal  to  noise  (S/N):  Choice  of  passband  center  frequency 

remains  an  option,  while  passband  width  should  be  approximately  zero. 

a.  Option  1.  Passband  at  f s o allows  use  of  dc  pressure 
sensors  but  also  permits  drift  due  to  thermal  fluctuations  in  the  cell 
walls  or  appendages  and  pressure  sensor,  window  heating,  and  electrical 
system  drift  all  to  contribute  to  the  noise.  Averaging  over  many  "cycles" 
of  a chopped  CW  beam  may  be  performed. 
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b.  Option  2.  Passband  in  the  acoustical  sensor  range  elimi- 
nates drift  due  to  both  thermal  and  electrical  sources  (using  ac  tech- 
niques). Line  and  high  frequency  electrical  noise  must  be  avoided  and 
photon  absorption  to  translational  relaxation  rate  should  significantly 
exceed  the  operating  frequency. 

2.  Incorporation  of  acoustic  gain  if  possible.  Use  of  "Q"  is 
roughly  equivalent  to  a very  selective  preamplifier,  i.e.,  gain  (but 
not  constant)  over  a limited  bandwidth. 

3.  Removal  of  window  source  signal  without  sensitive  balance  pro- 
cedures (including  contributions  of  particles  and  imperfections  in  or 
on  windows). 

4.  Operational  simplicity  without  sacrifice  of  essential 
qual ities. 

5.  Capability  of  operation  in  a flow-through  mode  (absorption 
measurements  of  continuously  changing  sample  (particulate  and/or  gaseous) 
- to  minimize  settling  and/or  mixing  problems. 

6.  If  consistent  with  other  points,  choice  of  a design  which  offers 
best  development  potential  for  pulsed  laser  use. 

7.  Linearity  with  pressure  and  independence  of  temperature. 

On  the  basis  of  calculations  and  sensor  and  signal  processing  state  of 
the  art,  the  requirements  could  undoubtedly  be  met  with  a variety  of 
designs  based  on  the  spectrophone  concept.  However,  the  desirable 
qualities  appear  to  focus  on  the  resonant  spectrophone  - with  the 
exception  of  the  last  item.  The  significance  of  some  of  these  listed 
points  (1  through  6)  has  not  always  been  well  understood.  These  points 
will  now  be  discussed  in  connection  with  specific  designs. 

It  is  fundamental  from  an  S/N  standpoint  to  obtain  the  information  in 
the  narrowest  possible  bandwidth.  Absorption  measurements  could  con- 
ceivably be  dynamic  in  nature  and  require  wide  band  response,  but 
otherwise  the  passband  width  should  be  made  to  be  very  nearly  zero. 


Balanced  Spectrophone 

For  the  type  of  spectrophone  with  center  frequency  at  approximately 
zero,  near  thermodynamic  equilibrium  exists  within  the  sample  cell.  An 
extraneous  signal  which  appears  when  this  type  of  instrument  is  used 
results  from  interaction  of  the  laser  beam  with  the  cell  end  windows. 
Absorption  in  the  cell  windows  may  be  large  with  respect  to  the  gaseous 
absorption  of  interest  and  is  efficiently  transferred  into  the  medium. 
Since  the  time  response  of  the  system  is  too  slow  to  avoid  this  effect. 
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the  window  signal  is  balanced  out  by  using  an  identical  series  chamber 
with  a gas  of  like  thermal  conductivity  and  with  the  same  total  pressure 
but  without  the  absorber  (Fig.  1)  [10].  This  "balancing"  is  delicate 
work  and  is  sensitive  to  particles  and  imperfections  on  or  in  the  windows. 
The  very  small  absorption  coefficients  often  measured  in  any  of  these 
cells  result  in  correspondingly  small  temperature  changes.  As  a result, 
the  relative  contribution  to  signal  drift  of  external  thermal  sources 
or  sinks  acting  through  the  cell  wall  can  also  become  significant.  Re- 
latively long  system  equilibration  times  (generally  10  to  20  minutes)  are 
thus  required  before  measurements  can  be  made.  Even  then,  changes  in 
external  sources  such  as  turn-on  of  electrical  equipment,  people  in 
motion,  cyclic  air  conditioning,  etc.,  must  always  be  considered.  These 
problems  can  be  minimized  by  insulation.  The  system  must  also  be  closed 
and  isolated  during  the  measurement.  A relatively  stabilized  and  tem- 
perature controlled  version  of  a balanced  spectrophone  is  discussed 
later  i . this  report. 

The  pressure  rise  may  be  calculated  for  a given  beam  power  and  cross- 
sectional  profile  from  consideration  of  heat  conduction.  The  absorption 
coefficient  can  be  calculated  from  the  solution  of  the  conduction  equation: 

a(cm-:)  = 4tt k (^-)  (5) 

where  k is  the  thermal  diffusivity  (watts/cm-°K) , and  p and  T are  the 
ambient  pressure  (torr)  and  temperature  (°K);  Sp  is  the  change  in  pres- 
sure (torr);  P is  laser  beam  power  (watts);  and  B'  is  a dimensionless 
constant  which  depends  on  the  laser  beam  radial  intensity  profile  [4]. 

This  type  of  spectrophone  can  thus  be  calibrated  by  using  the  above 
equation  since  all  the  quantities  are  either  known  or  measurable.  An- 
other calibration  technique  involves  the  use  of  an  internal  calibrating 
source  of  thermal  energy.  However,  to  use  this  technique  accurately 
the  calibration  source  should  have  the  same  radial  profile  as  that  of 
the  beam.  This  is  simply  not  practical.  The  currently  accepted  approach 
involves  the  use  of  a well-known  and  verified  absorption  in  either  the 
gas  of  interest  or  one  of  nearly  the  same  thermal  conductivity. 


Acoustic  Spectrophone 

Next  to  be  considered  is  a device  for  which  the  passband  can  still  be 
very  narrow  but  whose  center  frequency  is  now  in  the  audio  range.  The 
acoustical  signals  emanating  from  the  volume  of  the  laser  beam  may  be 
generated  by  modulating  this  beam  at  the  desired  frequency.  This  fre- 
quency might,  for  example,  be  chosen  to  avoid  60  and  120  Hz  line  and  high 
frequency  amplifier  noise.  As  was  mentioned  previously,  the  frequency 
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is  limited  by  the  time  constant  for  the  molecular  relaxation  to  the 
translational  state.  This  quantity  is  generally  of  the'order  of  micro- 
seconds, though  exceptions  of  much  longer  relaxation  time  constants 
(such  as  C0:. ) are  known. 

For  any  given  distance  from  the  beam  axis,  an  acoustical  equilibrium 
will  be  established  and  a microphone  can  be  used  as  a sensor.  If  the 
microphone  is  incorporated  into  an  acoustically  resonant  chamber,  an 
acoustical  gain  is  realized.  This  gain  is  frequency  selective  and  pro- 
portional to  the  Q value.  The  selectivity  deriving  from  system  Q is 
highly  effective  on  a per-octave  basis.  Since  filtering  action  is  not 
flat  in  the  passband,  the  modulation  rate  and  the  acoustical  resonance 
must  be  mutually  stable.  The  particular  choice  of  Q value  will  be  dis- 
cussed in  relation  to  the  individual  systems. 

Resonances  in  cylindrical  chambers  have  been  discussed  in  detail  in  texts 
such  as  that  of  Morse  [14].  He.e  the  primary  objectives  in  applying 
acoustical  mode  theory  to  system  design  were  to  examine  dominant  mode 
dependence  on  geometry,  effect  of  driving  force  (pressure  wave)  symmetry 
on  mode  coupling,  and  nature  of  window  signal  coupling  into  the  resonant 
chamber. 

A chamber  which  may  be  approximated  by  a circular  cylinder  with  perpen- 
dicular closed  end  walls  has  resonances  at  the  frequencies 

f = §/(^+(^)2  (6) 

where  L is  the  chamber  length,  C is  the  velocity  of  sound,  and  a£m  is 

the  solution  of  dJ  (ira  r/R)/dr  = 0 at  r = R,  the  radius  of  the  cavity. 

This  represents  the  condition  that  the  particle  radial  velocity  be  zero 
at  the  cylinder  wall.  The  k,  z,  and  m represent  the  longitudinal, 
azimuthal,  and  radial  mode  numbers.  The  resonant  spectrophones  of 
this  report  have  been  designed  to  emphasize  either  the  longitudinal  or 
the  radial  modes. 

For  coupling  efficiency  and  for  purity  of  acoustical  mode  structure, 
the  resonant  chambers  of  this  report  have  been  designed  symTietrically 
with  respect  to  the  beam  axis;  i.e.,  they  are  made  coaxial  (excepting 
one  experimental  system).  Another  reason  for  this  choice  involves  the 
possible  occurrence  of  undesirable  azimuthal  acoustic  mode  dependence. 

This  will  be  discussed  under  pulse  source  spectrophones. 

The  window  signal  has  been  represented  as  the  problem  child  of  spectro- 
phones (resonant  type  spectrophones  included).  However,  the  cycle-to-cycle 
fixed  phase  relationship  of  driving  frequency  to  resonance  may  be  used 
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to  separate  the  gaseous  absorption  signal  from  any  window  contribution. 

To  accomplish  this,  the  resonant  chamber  and  internal  microphone  are 
formed  into  a subsystem  (diagrammed  in  Fig.  2)  which  has  apertures  for 
beam  entrance  and  exit  but  no  windows.  This  subsystem  is  inserted  into 
a larger  system  whose  end  windows  are  well  removed  from  the  apertures  of 
the  resonant  subsystem.  Any  signals  which  are  transferred  from  the 
windows  into  the  gaseous  medium  at  the  driving  frequency  are  first 
dispersed.  The  surviving  window  signal  is  then  mismatched  to  the  reso- 
nant chamber  so  that  the  contribution  to  the  gaseous  absorption  signal 
is  negligible.  A phase  selective  signal  processing  system  utilizing  a 
lock-in  amplifier  reinforces  this  filtering  electrically.  This  option 
is  an  essential  aspect  of  the  measurement  system  and  is  largely  respon- 
sible for  the  primary  choice  of  an  acoustically  resonant  system.  Physical 
simplicity  is  achieved  without  compromise  while  requiring  elegant  but 
commercially  available  electronics.  The  use  of  the  phase  of  the  signal 
ensures  that  the  maximum  information  content  is  extracted  from  the 
sinnal.  Another  way  of  appraising  the  advantage  of  the  audio  frequency, 
phase-locked  system  is  to  consider  the  effect  of  the  use  of  phase  on 
bandwidth.  Phase  locking,  when  overtones  are  excluded,  is  equivalent 
to  reducing  bandwidth  to  virtually  zero;  i.e.,  if  one  phase  locks  to  a 
fixed  frequency  source  for  endless  time,  the  bandwidth  would  be  zero. 

For  the  absorption  measurements  contemplated,  the  effect  of  siqnal  ampli- 
tude changes  on  the  frequency  is  negligible. 

The  phase  selectivity  also  allows  suppression  of  other  potentially  noisy 
operational  modes,  such  as  pumping  sample  gases  through  the  system  while 
taking  data.  The  noise  created  by  flowing  air  generally  does  not  contrib- 
ute to  the  phase  locked  signal  (unless  pulsations  are  strong)  though 
dynamic  overload  may  become  signficant.  These  facts  can  be  of  great  use 
and  illustrate  that  such  a system  does  not  require  acoustic  isolation 
and  can  be  applied  to  absorption  measurements  systems  without  acoustical 
isolation.  Furthermore,  it  should  be  pointed  out  that  thermal  isolation 
is  totally  unnecessary  since  there  is  no  particular  sensitivity  to  this. 
Mechanical  vibrations  are  also  phase  selected  out.  When  approaching  the 
sensitivity  limit,  some  of  these  perturbations  might  appear  on  the  signal, 
at  least,  to  a small  degree.  To  date  such  signals  have  been  within  the 
noise,  though  noise  levels  are  typically  20  to  30  nv. 

Calibration  as  an  absolute  sensor  is  not  presently  a satisfactory  option 
for  resonant  systems.  In  fact,  it  would  be  very  difficult  to  attain  an 
absolute  calibration  having  the  accuracy  obtainable  using  well-known  absorp- 
tion coefficients  to  normalize  one  or  more  relative  quantities  of  a set. 

For  resonant  spectrophones , the  quantities  which  are  ingredients  of  such 
an  absolute  calibration  are  difficult  to  measure  or  calculate  with  high 
accuracy.  For  example,  the  acoustical  mode  structure  will  not  be  simple 
for  the  length  to  radius  ratios  used  (L/R  not  »1).  Calibration  of  the 
interaction  between  acoustic  wave  and  microphone  diaphranm  adds  another 
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Figure  2.  Schematic  of  resonant  acoustical  spectrophone. 
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deqree  of  complexity.  It  must  also  be  noted  that  the  net  quantity  cannot 
be  assumed  to  be  linear,  with  system  temperature  and  pressure.  However, 
since  all  of  the  systems  of  this  report  are  used  to  investigate  absorption 
by  atmospheric  qases , usually  broadened  as  naturally  by  an  N?/0?,  80%/20% 
buffer,  only  one  parametric  matrix  of  calibrations  for  the  ranqe  of 
temperatures/pressures  is  required  for  all  trace  contaminants. 


MICROPHONE  CONSTRUCTION 

Each  capacitance  microphone  consists  of  an  aluminum  coated,  mylar 
diaphragm.  To  give  resilience  and  high  capacitance,  the  diaphragm  is 
spaced  periodically  and  minutely  from  a metallic  surface.  The  surfaces 
are  either  planar  or  cylindrical. 

The  thickness  of  the  mylar  depends  on  the  application.  For  higher 
sensitivity,  higher  microphone  polarizing  potentials  and/or  thinner 
diaphragms  with  greater  displacement  responses  for  a given  pressure 
variation  are  employed.  The  capacitance  also  increases  for  thinner 
diaphragms,  further  increasing  the  sensitivity.  Thicknesses  of  0.002, 
0.001,  and  0.0005  inch  are  used  though  standard  thickness  is  the  0.002-inch 
value.  This  thickness  gives  good  sensitivity  together  with  negligible 
mechanical  hysteresis.  In  the  small  diameter,  cylindrical  chambers  most 
often  used  here,  the  0.002-inch  mylar  is  also  largely  self-supporting 
by  virtue  of  its  own  monocoque  resilience. 

The  spacing  mechanism  varies  and  may  either  be  machined  in  the  rigid 
metallic  supporting  surface  or  be  attached  to  the  mylar  - in  the  form 
of  narrow  mylar  strips  with  separations  which  optimize  the  sensitivity. 
Typical  spacing  is  0.003  to  0.015  inch  with  spacer  separation  from 
0.25  to  0.5  inch. 

The  mylar  is  aluminized  by  evaporative  coating.  A mask  is  used  so  that 
the  coating  does  not  approach  the  edge  of  the  diaphragm.  This  prevents 
arcing  across  the  gap  by  the  microphone  polarizing  potential  which  is 
generally  between  100  and  1000  volts. 

Figure  3 shows  an  example  of  a planar  microphone.  The  Fig.  3 insert 
shows  an  end-on  view  of  the  same  microphone  illustrating  the  machined-in 
form  of  the  metallic  spacers.  The  same  type  of  microphone  has  been 
constructed  by  using  mylar  spacers.  In  the  case  of  Fig.  3,  the  diaphragm 
is  supported  by  a brass  plate  which  also  serves  the  function  of  making 
contact  with  the  diaphragm's  aluminized  side.  The  beam  entrance  to 
this  (experimental)  system  is  through  the  off  center  port. 

Figure  4 shows  other  diaphragms.  These  do  not  yet  have  spacers  mounted. 

The  circular  ones  are  for  the  end-wall  microphone  and  the  others  are 
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Figure  3.  End-wall  microphone 


Figure  4.  Microphone  diaphragms  - unmounted. 
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Figure  5a.  Drawing  of  components  of  cylindrical  microphone. 
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Figure  5b.  Photograph  of  cylindrical  microphone. 


Finure  fi.  Oouble  open  ended  orqan  pipe  type  of  resonant  microphone. 


Figure  7.  General-purpose  CW  source  spectrophone. 
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Figure  8.  CW  source  spectrophone. 


dimensioned  for  specific  cylindrical  microphone  sizes.  Of  the  approxi- 
mately dozen  cylindrical  microphones  used,  there  are  four  different 
diameters,  three  of  which  are  pictured.  The  remaining  microphone  is 
much  laroer,  i.e.,  approximately  7 by  25  inches. 

The  cylindrical  chambers  are  nenerally  constructed  of  nickel  plated  brass 
or  stainless  steel  within  a teflon  mount,  giving  both  acoustical  and 
electrical  isolation.  Nickel  plating  of  the  brass  reduces  surface 
deterioration.  Without  describing  obvious  mechanical  details,  Figs.  5a 
and  5b  show  the  components  of  a typical  system.  The  inner  diameter  is 
1-3/8  inches.  Note  that  the  cylinder  is  relieved  at  frequent  spatial 
intervals.  This  prevents  microphone  damage  during  pumping  and  ensures 
that  the  resilience  is  due  to  the  mylar. 

Another  microphone  is  a double  open-ended  organ  pipe  (Fig.  6)  as  opposed 
to  the  double,  semi  closed  type.  This  small  bore  system  is  closely 
matched  to  the  beam  diameter  and  has  a fairly  pure  longitudinal  mode 
structure . 

Resonances  within  the  diaphragms  themselves  have  been  studied  by  using 
acoustic  sources  and  acoustically  spoiled  chambers.  The  spectral  results 
are  not  smooth  but  reveal  no  peakiness  of  concern  for  the  resonant  fre- 
quencies of  the  chambers. 


SPECIFIC  CW-SOURCE  SYSTEMS 

General -Purpose  CW-Source  Resonant  Spectrophone 

The  first  spectrophone  to  be  described  is  simplest  and  yet  has  a broad 
range  of  applications.  Figure  7 is  a sketch  of  a spectrophone  which 
illustrates  the  essential  simplicity  of  the  design.  A photoaraph  of 
the  same  cell  follows  as  Fig.  8.  The  focus  is  on  the  acoustically 
isolated  microphone  chamber  within  the  larger  spectrophone  cell.  The 
resonance  as  discussed  previously  occurs  within  this  inner  chamber.  It 
will  be  noted  that  the  windows  are  located  only  at  the  ends  of  the  outer 
chamber.  The  housing  material  first  used  for  these  spectrophones  was 
aluminum;  however,  type  304  stainless  steel  is  preferred  because  it 
improves  system  purity  and  stability  by  reducing  porosity  and  interaction 
with  absorbers.  Microphones  of  1/2  and  1 inch  as  well  as  the  usual 
1-3/8  inches  inner  diameter  have  been  inserted  into  absorption  cells 
such  as  the  one  illustrated.  Preferred  resonant  chamber  length  is  8 
inches,  giving  a principal  resonance  at  about  1 kHz  (STP).  One  coaxially 
shielded  electrical  lead  and  one  vacuum/gas  input  connection  only  are 
required  for  operation  of  the  spectrophone.  Temperature  sensors  are 
attached  to  the  cell  outer  wall. 

This  spectrophone  will  now  be  discussed  as  applied  to  general  gaseous 
absorption  measurements  at  CO2  laser  wavelengths. 
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Figure  9 is  a schematic  of  the  entire  optical  system.  The  laser  is  a 
stabilized,  line  tuneable  unit  (Sylvania  Model  950)  whose  single-line 
power  output  ranged  from  about  0.5  to  3 watts  for  the  lines  employed. 

A col  inear  HeNe  laser  is  used  to  monitor  alignment.  Two  detection 
systems  are  shown:  one  is  a power  meter  and  the  second  is  a time  resolved 

detector  for  tuninq  the  spectrophone  and  observation  of  the  synchronized 
component.  This  latter  technique  is  a visual  phase  selective  system 
and  is  simply  qualitatively  informative. 

Finally,  an  IR  sDectrograoh  using  a 1J-V  pumped,  calibrated  fluorescent 
analyzer  plate  at  the  output  plane  allows  continuous  monitoring  of  the 
wavelength  output  of  the  C02  laser. 

Figure  10  shows  siqnal  processing  for  the  same  system.  As  has  been 
discussed,  this  is  an  essential  part  of  the  measurement  system.  The 
choice  of  a phase  selective  system  partly  reflects  the  fact  that  it 
is  fundamental  from  an  S/N  point  of  view  to  obtain  the  information  in 
the  narrowest  possible  bandwidth.  Passband  location  is  always  chosen 
so  as  to  avoid  line  noise  as  much  as  possible.  Records  were  made 
directly  on  chart  paper  by  two  ways.  First,  and  most  generally, 
spectrophone  signal  amplitude  was  plotted  against  time.  A measurement 
cycle  is  as  follows.  A solenoid  driven  paddle  blocks  the  CO2  laser 
beam  while  a baseline  is  established.  When  the  beam  is  unblocked, 
the  spectrophone  signal  stabilizes  at  the  absorption  signal  level.  The 
stabilization  time  is  determined  by  the  integration  time  constant  of 
the  lock-in  amplifier.  This  unblocked  status  is  generally  sustained  for 
several  minutes  to  check  any  tendency  for  drift.  Then  the  beam  is  again 
blocked  to  recheck  the  baseline.  Figure  11  is  a sample  signal  form 
which  represents  the  modulation  - not  the  carrier. 

X-y  recorder  plots  of  signal  versus  power,  another  form  of  presentation, 
are  important  as  tests  of  system  linearity  and  are  performed  occasionally. 
Figure  12  shows  one  of  these  plots.  Decreasing  the  laser  pump  power  to 
threshold  results  in  the  cutoff.  An  attenuating  optical  element  can  then 
be  inserted  in  the  beam  and  the  curve  continued  to  lower  levels. 

Compilations  based  on  data  accumulated  over  an  extended  period  are  then 
compared  for  reproducibility  and  pattern  agreement  with  the  most  signifi- 
cant previous  results  (generally  obtained  using  a White  cell).  Finally, 
the  relative  spectrophone  signals  are  normalized  to  those  of  the  White 
cell  results.  Fxamples  of  the  results  of  this  process  are  presented  in 
a following  section. 


Vacuum/Gas  Handling  System 

The  vacuum/qas  handling  system  is  an  important  external  element  in  these 
measurements  because  of  its  part  is  assuring  spectrophone  and  gas  purity. 
The  system  to  be  described  here  (diagrammed  in  Fiq.  13)  performs  several 
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Figure  9.  CW  source  spectrophone  optical  system. 


Figure  10.  Signal  processing  for  the  CW  source  spectrophone. 


Figure  11.  Sample  signal:  relative  absorption  vs  time. 


indino  3NOHd~D3dS 
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ROUGHING  PUMP 
13.  Schematic  of  vacuum/ gas  handling  system. 


essential  functions  without  requiring  disconnections.  First,  it  serves 
as  a high  vacuum  pumping  station  during  the  bakeout  cycles.  It  is  then 
used  for  mixing  the  high  purity  gases.  Note  that  this  two-tank  design, 
with  gauges  ranging  from  high  vacuum  to  high  pressure,  allows  mixing  of 
any  number  of  gases  in  desired  proportions.  The  volumes  of  the  two  tanks 
with  valves  were  made  essentially  equal  and  thus  calculation  of  the  ratios 
of  gas  partial  pressures  is  simplified.  Total  and  partial  pressures  of 
desired  constituents  and  impurities  in  the  cell  are  monitored  with  system 
gauges  and  a mass  spectrometer  gas  analyzer. 


Figures  14  and  15  show  the  arrangement  of  the  elements.  The  entire 
system  is  on  wheels  and  connects  to  gas  tanks  and  spectrophones  by 
stainless  steel  flexible  bellows  (high  vacuum)  lines. 


CW-Source  Cooled  Resonant  Spectrophone 

The  next  system  to  be  described  is  based  on  the  same  physical  desiqn 
as  that  of  Fig.  7 but  includes  a thermal  reservoir  for  the  stabilization 
of  absorption  cell  at  temperatures  well  above  and  below  laboratory 
: , values.  Figure  16  shows  the  essential  features  of  this  system.  The 

reservoir  tank  is  heliarced  around  the  spectrophone  and  this  entire  unit, 
with  the  exception  of  the  spectrophone  chamber  ends,  is  surrounded  by 
styrofoam  and  encased  in  a wooden  housing.  Another  newly  introduced 
element  is  an  antifrost  system  for  the  absorption  cell  end  windows, 
including  a second  vacuum  system.  In  essence,  the  inner  windows  are 
isolated  from  moisture  and  the  outer  ones  are  isolated  from  the  low 
temperatures  by  use  of  the  phenolic  spacer  tubes  at  each  end  of  the 
spectrophone.  This  system  proved  to  be  quite  adequate.  Two  spectro- 
phones (Figs.  17  and  18)  of  this  type  have  been  used  to  measure  absorp- 
tion of  C02  laser  radiation  at  STP  and  210°K  and  lower  pressures.  Fir 
this  purpose,  a U-V  lamp  with  quartz  envelope  produces  an  ozone  equilib- 
rium in  the  cell.  The  quartz  envelope  of  the  lamp  is  an  internal  fixture 
of  the  system  and  preserves  the  spectrophone  high  vacuum  integrity  and 
bakeabil ity. 

When  used  for  measurements  at  low  temperatures,  the  reservoir  tank  is 
filled  with  ethyl  alcohol,  and  chunks  of  dry  ice  are  used  to  obtain  the 
desired  temperature.  Once  in  equilibrium,  the  spectrophone  temperature 
drift  is  very  slow  (about  3C°/hr  at  -60°C),  allowing  a complete  set  of 
measurements  at  the  desired  temperature. 

Figure  19  shows  the  pattern  agreement  with  previously  obtained  White 
cell  results  for  the  only  conditions  for  which  the  reference  (White  cell) 
values  were  obtained.  Speaking  generally,  relative  comparisons  between 
independent  IR  absorption  measurements  are  rarely  this  close. 
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Figure  15.  High  vacuum  portion  of  gas  handling  system  showing  mass  spectrometer  gas  analyzer. 


Figure  18.  Temperature  controlled  CW  source  spectrophone 
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ABSORPTION  COEFFICIENT 
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Figure  19.  Pattern  comparison  for  spectrophone  and  White  cell  absorption 
measurements.  Ozone  absorption  coefficient  is  plotted  vs  laser 
line.  The  line  connections  between  points  are  for  visual  ease  of 
identification  only. 
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Spectrophone  measurements  were  subsequently  continued  into  pressure  and 
temperature  domains  either  not  adequately  performed  previously  or  non- 
existent. 


CW-Source  Water  Vapor  Measurements 

Water  vapor  absorption  measurements  in  a nitroqen  atmosphere  have  been 
performed  in  a spectrophone  similar  to  that  just  described,  though  in 
this  use  it  was  often  heated  rather  than  cooled.  Continuous  monitoring 
of  water  vapor  content  was  determined  to  be  important  in  this  case. 

Figure  20  is  a schematic  of  the  closed  flow  system.  Water  vapor  absorp- 
tion measurements  at  9-1 lym  (CO?  laser)  are  plagued  with  parasitic  impuri- 
ties. Strong  contributions  of  ammonia,  carbon  dioxide,  and  at  least  two 
distinct  hydrocarbons  have  been  identified.  These  have  been  traced 
partly  to  the  water  sample  (deionized)  and  partly  to  plastic  tubing  and 
connections.  To  eliminate  the  contaminants,  nonmetallic  elements  were 
removed  from  the  system  except  for  teflon  and  mylar  in  the  microphone 
and  0-rinns.  The  deionized  water  was  then  distilled  several  times  in 
a small  closed  cycle  system  puraed  with  an  inert  gas.  This  still  was 
designed  and  constructed  entirely  of  glass  especially  for  this  purpose. 
Distillations  were  performed  over  sulfuric  acid  and  permanganates 
to  remove  the  carbon  dioxide  and  ammonia.  A small  glass  flask  with  a 
gl ass-to-metal  seal  attached  to  a stainless  steel  bellows  value  was 
constructed  to  hold  the  purified  water  sample.  All  glass  was  etched 
and  baked.  Although  traces  of  the  ammonia  absorption  have  not  been 
entirely  removed,  the  improved  system  yields  values  which  reveal  no 
other  contaminants.  This  example  indicates  the  care  which  may  be  re- 
quired to  obtain  absorption  coefficient  values  characteristic  of  the 
desired  absorber.  In  such  cases,  the  mass  spectrometer  gas  analyzer 
is  useless  because  the  contaminant  partial  pressures  are  typically  in 
the  ppb  (or  less)  range. 


CW-Source  Thermodynamic  Equilibrium  Type  Differential  Spectrophone 

Two-chambered  differential  spectrophones  with  a signal  passband  at 
near  0 Hz  were  discussed  previously.  Because  these  spectrophones  oper- 
ate at  near  thermodynamic  (though  not  adiabatic)  equilibrium,  they 
provide  a useful  comparison  with  those  having  an  acoustical  equilibrium. 
Siqnal  linearity  with  total  pressure  in  particular,  which  is  clearly  a 
good  approximation  for  the  differential  system,  may  not  be  assumed  for 
the  acoustical  system.  Therefore,  normalization  can  be  provided  by,  for 
example,  White  cell  measurements  and/or  the  differential  system.  This 
may  be  accomplished  on  a one-time  basis  by  using  a single  line  comparison 
for  all  trace  nas  absorption  measurements  with  an  80"/ 20",  N?/02  buffer. 
The  balanced  differential  spectrophone  would  also  be  ideally  suited  to 
absorption  measurements  for  gases  having  relaxation  rates  into  translation 
states  that  are  near  to  or  even  lower  than  practical  spectrophone 
resonance  frequencies. 
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Fiqure  21  shows  a diagram  of  the  differential  spectrophone.  The  two 
identical,  series  chambers  separated  by  the  center  window,  the  differ- 
ential pressure  sensor,  and  chamber  and  tubing  walls  form  the  basic 
system.  Vacuum  seals  on  the  window  are  0-rinqs  with  one  on  either  side 
of  the  center  window.  However,  the  center  window  is  also  sealed  by 
another  0-rinn  outside  the  window  diameter,  i.e.,  a differential  seal. 

Note  that  the  two  chambers  are  not  quite  identical  with  respect  to 
radiation  thounh  the  imbalance  is  relatively  small.  The  gas  control 
valves  have  been  located  as  near  as  possible  to  the  ends  of  each  chamber 
for  even  flush  inn.  Similar  thermal  reservoir  and  anti  frost  systems  have 
been  described  earlier.  The  thermal  reservoir  also  provides  qreatly 
increased  thermal  stability  which  is  of  particular  importance  in  this 
system.  Fiqures  22  and  23  are  photographs  of  the  differential  spectro- 
phone, first  without  insulation  and  then  with  styrofoam  packing  and  wooden 
casing  installed.  Figure  24  is  a schematic  of  the  control  system  con- 
structed for  support  of  this  spectrophone.  Pneumatic  valves  are  located 
near  both  ends  of  each  chamber.  These  are  controlled  by  solenoid  valves 
located  some  distance  from  the  spectrophone  so  as  not  to  disturb  it. 

The  four  spectrophone  access  lines  are  presently  siamesed  as  shown, 
and  the  two  remaining  lines  connect  with  the  vacuum/gas  input  system. 
Actually  this  spectrophone  incorporates  its  own  vacuum  system  and  a 
stainless  steel  container  which  is  prefilled  with  the  desired  gaseous 
mixture  at  the  gas  handling  system  described  earlier. 


PULSED-SOURCE  SPECTROPHONES 

Pulsed  lasers  for  some  media  are  much  easier  to  construct  than  CW  units 
since  the  pulsed  pump  power  (and  thus  the  pump  rate)  can  be  quite  high 
while  retaining  an  easily  attainable  average  value.  For  this  reason 
alone,  the  development  of  measurement  quality  pulse  source  spectrophones 
would  be  useful . 

In  the  course  of  this  project,  spectrophones  of  unique  design  have  been 
developed  for  use  with  both  CW  and  pulsed  source  lasers.  Consideration 
of  the  CW  and  pulsed  source  requirements  had  suqqested  that,  for  each, 
the  same  General  kind  of  cylindrical  symmetry  in  a resonant  system  would 
be  appropriate. 

The  primary  difference  between  the  CW  and  pulsed  source  systems  stems 
from  the  loss  of  the  phase  information  (referenced  to  the  driving  source) 
in  the  sinqle  pulse  system.  The  single  driver  pulse  itself  is  a cause 
of  reduced  system  sensitivity.  An  amplitude  reduction  also  occurs  since 
the  pulse  as  broadened  by  relaxation  into  translational  energy  is  coupled 
to  acoustic  modes  whose  frequency  components  are  generally  much  lower. 

The  problem  of  sensitivity  is  related  here  more  to  the  total  energy  than 
to  the  power.  The  two  major  problems  may  be  stated  as  follows.  First, 
the  physical  construction  must  be  optimized  such  that,  despite  the  lack 
of  phase  selectivity,  unwanted  components  do  not  contribute  significantly 
to  the  ringing  signal.  Second,  the  signal  must  be  processed  so  as  to 


21.  Diagram  of  CW  source,  differential  spectrophone  system. 


Figure  22.  CW  source  differential  spectrophone. 


Figure  23.  Thermal  insulation  applied  to  CW  source  differential  spectrophone  of  Figure  22. 


Figure  24.  Control  system  for  the  differential  spectrophone. 


obtain  narrowest  possible  bandwidth.  Very  high  acoustical  Q may  be 
useful  here,  i.e.,  the  filtering  process  may  be  initiated  with  a highly 
tuned  acoustical  system. 


Figure  25  is  a composite  showing  ringing  results  from:  (a)  a relatively 

high  Q system  (radial  mode)  and  (b)  a low  Q (longitudinal  mode)  system. 

As  can  be  seen,  the  purity  of  the  modes  in  both  cases  is  guite  good. 

Q's  obtained  have  ranged  from  16  to  about  800.  Those  of  Fig.  25  are 
about  130  and  20  for  upper  and  lower  traces,  respectively. 

Some  measurements  with  a pulsed  source  and  which  illustrate  the  basis 
for  the  physical  designs  have  been  performed.  These  have  employed  a 
spectrophone  with  a moveable  end  wall  and  both  cylindrical  section  and 
end-wall  microphones.  Other  smaller  diameter,  longitudinal  wave,  reso- 
nant systems  having  full  cylindrical  microphones  have  been  also  used. 

The  results  were  quite  definite  on  the  following  points: 

1.  Coupling  of  either  radial  or  longitudinal  modes  to  either  cylin- 
drical or  end-wall  microphones  was  qualitatively  close  in  magnitude. 

The  sensors  were  essentially  flush  with  the  cavity  surfaces. 

2.  Radial  modes  were  dominant  in  the  cavities  of  4-inch  and  larger 
diameters  and  were  virtually  nonexistent  in  those  1-3/8-inch  and  smaller 
diameters  - as  expected.  At  this  point  it  might  be  appropriate  to  men- 
tion that  the  radial  frequency  in  the  small  bore  systems  has  been  pur- 
posely set  very  high,  both  to  discourage  coupling  to  these  and  to 
encourage  purity  of  the  longitudinal  mode. 

3.  When  the  microphone  consisted  of  a cylindrical  section  only  and 
thus  did  not  integrate  around  the  radius,  the  reproducibility  of  the 
output  signal  was  poor.  When  full  cylindrical  microphones  were  used, 
the  reproducibility  was  good. 

4.  Linearity  of  the  signal  with  total  energy  was  verified. 

Figures  26a,  b,  and  c are  examples  of  data  pertaining  to  cylindrical 
section  and  full  cylindrical  microphones.  In  each  case  a number  of 
traces  are  superimposed.  Figure  26a  shows  results  obtained  with  an  end- 
wall  microphone  spectrophone  of  4-inch  diameter.  These  traces  have  not 
been  normalized  for  laser  pulse  amplitude,  but  the  variation  for  that 
quantity  was  generally  less  than  10%.  The  results  of  Fig.  26b  represent 
the  same  conditions  as  Fig.  26a,  but  the  microphone  in  this  case  is  in 
the  form  of  a cylindrical  section  subtending  about  a 60-degree  angle  from 
the  center  of  the  cylinder.  The  mode  purity  and  reproducibility  are  both 
very  poor  here.  This  is  admittedly  an  extreme  example,  but  the  interpre- 
tation that  azimuthal  dependence  can  be  significant  was  supported  by 
other  measurements.  In  each  case,  however,  reproducibility  using  complete 
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circular  cylindrical  microphones  was  qood.  The  results  of  Fiq.  26c  were 
obtained  with  a complete  circular  cylindrical  microphone  having  relatively 
low  Q and  longitudinal  mode,  and  are  typical  results.  A reason  for  this 
type  of  variation  is  that  any  azimuthal  dependence  must  hinge  on  tenuous 
asymmetries  in  basically  symmetrical  systems.  These  results  are  given 
some  attention  since  microphones  used  in  resonant  spectrophones  often 
do  not  integrate  over  angle.  This  consideration  which  applies  to  both 
CW  and  pulsed  source  system  requirements  suggested  that  cylindrical  sym- 
metry would  result  in  improved  signal  reproducibility. 

The  second  of  the  design  problems  is  that  of  signal  processing  when 
high  sensitivity  is  required.  If  one  uses  the  amplitude  of,  for  example, 
the  first  full  wave  in  the  decaying  acoustic  train,  the  broadband  noise 
is  superimposed  on  the  signal.  This  limits  the  sensitivity  in  spite  of 
conventional  bandpass  filtering. 

On  the  other  hand,  if  one  first  transforms  into  the  frequency  domain, 
the  signal  and  the  broadband  noise  are  effectively  separated.  High 
acoustical  Q is  particularly  suited  to  this  processing  mode.  The  filter- 
ing effect  of  a typical  high  Q system  expressed  by  use  of  the  power 
spectrum  is  much  higher  than  for  available  bandpass  filters.  The  magni- 
tude squared  or  power  spectrum  for  a ringing  signal  similar  to  that  of 
Fig.  25a  is  shown  in  Fig.  27.  The  ease  of  interpretation  is  improved. 

This  peak  can  easily  be  digitized  as  a single  value.  To  adapt  the 
measurement  to  low  S/N  ratios,  the  digitized  value  would  be  that  selected 
at  the  resonance  center  frequency. 

Figure  28  displays  the  two  alternative  signal  processing  routes,  i.e., 
either  simple  ratio  of  signal  amplitude  to  laser  power  or  the  ratio  of 
signal  spectral  power  (at  the  ringing  signal  peak)  to  laser  power.  Signal 
averaging  may  be  used,  particularly  to  improve  the  S/N  in  the  former  case. 

Basically  then,  the  pulsed  source  spectrophone  consists  of  an  acoustically 
resonant  cylindrical  chamber  containing  a microphone,  also  having  cylin- 
drical symmetry.  This  chamber  is  internal  to  a larger  cell  which  is 
vacuum  tiqht  and  bakeable.  The  beam  is  admitted  to  the  inner  chamber 
throuoh  apertures  and  to  the  outer  cell  throuah  barium  fluoride  end  win- 
dows. Between  each  of  these  end  windows  and  the  apertures  to  the  inner 
cell  are  acoustically  dispersive  elements  or  dampers.  These  dampers 
minimize  the  transmission  of  the  window  absorption  signals  into  the 
chamber  containing  the  microphone.  The  capacitance  microphones  have  also 
been  described.  Figure  29  is  a photograph  of  a spectrophone  designed 
with  dispersion  and  damping  specifically  for  pulsed  source  use.  Basically, 
this  is  similar  to  the  spectrophone  of  Fig.  7 (and  the  Fig.  29  inset),  but 
the  length  of  the  dispersal  section  and  the  number  of  damping  discs  were 
increased. 
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Figure  27.  Power  spectrum  for  ringing  signal  of  Fi 
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Figure  28.  Alternative  signal  processing  routes  for  pulse  source  spectrophone. 


ISOLATED 

v fi  PHONE  CAVITY 


Pattern  agreement  for  the  pulsed  source  spectrophone  data  with  the  best 
of  existing  results  was  examined  as  it  was  for  the  CW  source  spectrophones . 
Fiqure  30  shows  comparative  results  when  a longitudinal  mode,  low  Q 
spectrophone  was  used  for  absorption  by  methane  at  deuterium  fluoride 
(OF)  laser  wavelengths.  The  primary  comparison  in  this  case  is  with 
White  cell  results  also  obtained  at  ASL  [17].  Though  on  this  relatively 
coarse  plot  the  comparison  appears  very  good,  the  differences  for  normal- 
ized pattern  values  ranged  from  3%  to  13.8?',  with  no  trends  with  amplitude 
of  absorption  value  or  frequency.  The  reproducibility  of  the  energy 
detector  used  for  this  set  of  measurements  was  found  to  be  8%  after 
calibration  to  remove  a wavelength  dependence.  However,  when  compared 
with  several  other  sets  of  values  reported  recently  including  White 
cell  results,  differential  spectrophone  results,  and  AFGL  high  resolution 
predictions,  the  ASL  results  are  in  much  closer  pattern  agreement. 


PULSED-SOURCE  WATER  VAPOR  SPECTROPHONES 

While  the  pulsed  source  spectrophone  used  for  the  methane  measurements 
was  of  similar  design  to  several  used  for  CW  source  measurements,  two  more 
specialized  systems  have  been  constructed  for  water  vapor  and  other  absorb- 
tion  measurements  at  DF  laser  wavelengths  using  the  same  pulsed  source. 

The  primary  motivation  for  these  designs  was  increased  system  purity; 
therefore,  both  systems  were  constructed  of  stainless  steel.  Both  systems 
were  also  fitted  with  continuous  flow  circuits  for  mixing  and  internal 
measurement  of  temperature,  total  pressure,  and  relative  humidity. 

One  of  these  two  spectrophones,  a resonant,  high  Q system,  was  designed 
to  tap  the  radial  modes.  It  can  be  seen  from  the  symmetry  that  the  modes 
which  are  most  directly  excited  by  the  expanding  acoustic  waves  are  radial 
in  nature.  In  this  case  the  diameter  (8  inches)  is  much  larger  than  for 
the  longitudinal  mode  systems.  Figures  31  and  32  are  a cutaway  drawing 
and  a photograph,  respectively,  of  the  radial  mode,  pulsed  source  spectro- 
phone. The  Q of  this  system  is  about  800. 

The  second  system  (low  Q)  is  dimensionally  unchanged  from  the  previous 
pulsed  source  longitudinal  mode  system. 

These  designs  appear  to  have  dealt  successfully  with  the  problems  of  slow 
mixing  and  contamination  of  the  water  samples  as  well  as  the  more  basic 
concern  of  sensitivity.  The  longitudinal  mode  system  is  relatively  inex- 
pensive, with  analog  signal  averaging  (no  Fourier  analysis  required), 
simple  to  use,  and  compact.  There  is  no  trace  of  the  so-called  window 
signal,  and  measurements  are  routinely  made  at  10~2  (km-1)  using  pulse 
energies  of  as  low  as  3 mil li joules  (~3  x 10-7  sec  duration).  The  S/N 
ratio  is  generally  between  20  and  40  dB  at  these  levels;  therefore, 
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Figure  30.  Comparative  spectrophone  and  White  cell  results.  Methane 

absorption  coefficients  are  plotted  for  9 DF  laser  wavelengths. 
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le  spectrophone  designed  for  water  vapor  measurements 


Figure  32.  Radial  mode  water  vapor  spectrophone. 


sensitivity  for  the  present  system  is  adequate  for  measurements  at  the 
10-3  level  though  the  threshold  has  not  been  sought.  Df  course,  an 
increase  in  laser  energy  would  provide  a proportional  increase  in  sensi- 
tivity. Either  of  these  systems  is  well  suited  to  the  baking  and  pumping 
processes  which  precede  sensitive  measurements  of  absorption. 


RESONANT  SPECTROPHONES  FOR  IN-SITU  ATMOSPHERIC  MEASUREMENTS 

Since  the  CM  resonant  systems  described  phase  select  the  absorption  sianal 
from  other  contributions,  they  may  be  used  windowless  and  open  to  the 
atmosphere.  Sensitivity  studies  have  been  performed  at  CO2  laser  wave- 
lengths, and  more  than  adequate  sensitivity  exists  for  either  gases  or 
particulate  absorption  measurements.  Water  vapor  (generally  the  domi- 
nant absorber)  absorbs  rourMy  ]0%  (km-1)  in  general  and  much  more  at  some 
laser  line  frequencies.  Particulate  absorption  is  often  less  but  still 
measurable  with  the  better  than  10-3  km-1  available. 

Armed  with  known  absorption  coefficients,  concentrations  of  gaseous  con- 
stitutients  and  absorption  by  particulate  concentrations  can  be  measured. 
Significant  absorption  occurs  at  C02  laser  wavelengths  (rouohly  9.2-9.7u 
and  10.2-10. 7u)  by  such  gases  as  CH4,  03,  NH3,  C02,  as  well  as  water. 

The  current  model  in-situ  system  is  a vertically  oriented  resonant  system 
with  an  intake  horn  at  the  upper  end  and  a vacuum  pump  and  flowmeter  con- 
nected to  the  bottom. 


RESONANT , niFFEREfFIAL  SPECTROPHONE  FOR  IN-^ITU  GASFOUS 
AMO/OR  PARTICULATE  ABSORPTION  MEASUREMENTS 

This  system  uses  two  series  audio  frequency,  resonant  spectrophones  to 
measure  in-situ,  atmospheric  particulate,  and  aaseous  absorption  contri- 
butions. 

The  system  will  also  measure  the  gaseous  contributions,  as  shown  in  the 
schematic  diagram  of  Fig.  33.  The  two  microphone  signals,  phase  locked 
with  respect  to  the  laser  beam,  are  fed  into  the  differential  lock-in 
amplifier.  Initially,  no  filter  is  used  and  the  output  amplitude  is 
peaked  by  using  the  phase  corrector.  In  truth,  this  device  is  not  gener- 
ally needed  (phase  difference  between  signals  is  approximately  zero). 

The  attenuator  is  then  adjusted  to  give  a zero  amplitude  output.  The 
filter  is  then  inserted,  and  the  A-minus-R  signal  then  yields  the  par- 
ticulates absorption  signal.  The  total  signal  is  oenerally  much  larger. 

The  A signal  input  is  grounded  and  the  B signal  is  then  the  larger  gaseous 
contribution.  Figure  34  is  a photograph  of  the  operational  system.  Pre- 
liminary measurements  made  with  this  system  tend  to  confirm  the  practicality 
of  the  data.  However,  since  large  particles  do  not  follow  gaseous  stream- 
lines, the  calibration  cycle  is  performed  with  the  end  windows  removed 
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Figure  33.  Schematic  of  resonant  differential  spectrophone  for  in-situ  atmospheric  measurements. 


(center  window  in  place)  and  the  vacuum  pumping  is  done  from  the  center. 
Thus,  complete  symmetry  in  the  absorption  is  maintained.  For  differential 
operation,  the  two  microphones  are  flow-connected  in  series. 


CONCLUSIONS 

Spectrophones  appear  to  be  well  suited  to  high  sensitivity  absorption 
measurements.  The  resonant  subsystems  developed  at  the  ASL  have  proven 
highly  flexible  as  evidenced  by  the  spectrum  of  applications  which  are 
discussed  in  this  report.  CW  source  applications  had,  of  course,  been 
reported  earlier,  though  the  resonant  subchamber  concept  and  the  sub- 
system designs  (e.g.,  microphone,  antifrost,  etc.)  are  new  here.  The 
development  of  a high  sensitivity  and  measurement  quality  pulse  source 
spectrophone  is  also  new.  These  systems  have  been  applied  to  a variety 
of  IR  absorption  measurement  problems  including  that  of  separating  and 
quantifying  gaseous  and  particulate  absorption.  The  latter  is  also  inno- 
vative, particularly  in  the  form  of  the  differential  resonant  spectrophone. 

It  should  be  mentioned,  however,  that  neither  the  thermodynamic  equilib- 
rium (TE)  type  differential  spectrophone  nor  any  of  the  resonant  systems 
described  require  a narrowband  radiation  source.  In  fact,  a broader  band 
source  will  simply  result  in  a wavelength  integrated,  absorption  measure- 
ment. A broadband  source  used  with  either  resonant  or  TE  differential 
spectrophones  and  a particular  trace  absorber  in  the  "reference"  side  may 
be  calibrated  to  yield  a concentration  for  the  test  sample  (same  buffer) 
in  the  other  half  of  the  spectrophone.  This  may  be  calibrated  as  a concen- 
tration measurement  in  addition  to  providing  absorption  for  the  broadband 
sensors  which  are  so  prolific  in  current  and  anticipated  defense  systems. 
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